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(54) Process for producing a heavily nitrogen doped ZnSe crystal 



(57) in a process for growing a ZnSe crystal by an 
MBE or MOCVD process, N2 gas dissociated by elec- 
tromagnetic waves and vapor In are prepared at a ratio 
of N:ln being 2:1 . The atomic gases may be prepared by 
decomposing InN at a high temperature with electro- 
magnetic irradiation and adding N2 gas to the decom- 
posed product. The atomic gases are fed onto a 
substrate in a crystal growth region, so as to simultane- 
ously dope ZnSe with In and N at a ratio of 1 :2. A n-type 
dopant In substitutjonally occi^sying a position of Zn 
makes a 1 :1 couple with a p-type dopant N substitution- 
ally occupying a position of Se, and another one N atom 
coordinates near the atomic couple and serves as an 
acceptor. As a result, the acceptor is kept in activated 
state up to higher concentration, and the ZnSe crystal 
can be heavily doped with the p-type dopant N. 



FIG.l 

ZnSe Crystal simultaneously doped with In, N 
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Descripti n 

The present invention relates to a method of producing a p-type ZnSe crystal having low resistivity useful as a 
material lor a blue laser, a blue 11^ emitting device, etc.. ZnSe has be^ anticipated as a material lor a blue laser, a 
5 blue light emitting device and so on, since its band gap corresponds to blue luminescenca A ZhSe crystal has been 
produced so far by a molecular beam epitaxy (MBE) process or a metal organic vapor deposition (MCX)VD) process. 

According to the MBE process, a metal element Zn and a non-metallic element Se are vaporized in an atmosphere 
at an ultra-high degree of vacuum so as to obtain an intensity of a molecular beam corresponding to vapor pressure of 
eadh element, and a crystal is grown up while oontrolling an atomic layer 
10 On the other hand, thermal decomposition of an organometallic compound is used for production of a ZnSe crystal 
in the MOCVD process. 

In order to obtain a p-type ZnSe crystal, it is necessary to dope ZnSe with N during crystal growth. For N doping. 

gaseous N2 molecules for instance are dissociated with electromagnetic wave RF. and radical N is introduced to ZnSe 

epitaxialiy growing on a substrate. 
IS Since ZnSe is doped with sole N during crystal growth in a conventional method, acceptor concentration of N is not 

increased more than 10^® cm"^. Even if further addition of N to ZnSe is tried, it is impossible to increase concentration 

of the carrier due to the compensation mechanism: a N atom located at a substitutional position of Se transfers to an 

interstitial position when acceptor concentration of N exceeds 10^^ cm'^ and tums to a donor (n-type). so that N atoms 

acting as p-type acceptors are diseffected by N atoms acting as p-type donors. 
20 The object of the present invention is to offer a ZnSe single crystal having low resistivity heavily doped with N at 

acceptor concentration of 10^®- 10^^ cm"^. 

According to the present invention, atomic N*^ gas prepared by dissociating N2 gas witii electromagnetic irradiation 

and a gaseous complementary element X acting as a n-type dopant are prepared at an atomic ratio of N:X being 2:1 . 

The atomic gases are fed to a region where a ZnSe crystal is epitaxiaily grown on a substi^ate by MBE or MOCVD proc- 
2S ess. 

The atomic gases having the ratio of N:X being 2:1 may be prepared by decomposing XN with electromagnetic irra- 
diation at a high temperature and adding N2 gas to the decomposed product. 

The substitutional element X may be In. Ga, Al etc.. In the hereunder explanation, the suk>stitutional element X is 
represented by In. 

30 

Fig. 1 iliustrates a model of a ZnSe crystal simultaneously doped with In and N. 
Fig. 2 is a schematic view illustiating an MBE apparatus for growth of a ZnSe crystal. 
Fig. 3 is a schematic view illustrating an MOCVD apparatus for growtii of a ZnSe crystal. 
Fig. 4 is a graph of electronic state density which shows tiiat N substitutionally occupying a position of Se serves 
35 as a p-type acceptor, while In substitutionally occupying a position of Zn serves as a n-type donor. 

When ZnSe is simultaneously doped with In acting as a n-type dopant and N acting as a p-type dopant at a ratio of 
ln:N being 1 :2. a donor In'^n derived from In substitutionally occupying a position of Zn makes a couple witii an acceptor 
N'^se derived from N sut)stitutionally occupying a position of Se. and the replacement is stabilized due to an electirostatic 
40 energy generated by coupling +e with -e. The electrostatic energy stabilizes N which is further added to ZnSe. As a 
result, ZnSe is heavily doped with the p-type carrier (a hole) at acceptor concentration of 10^^-10^^ cm'^. although tiie 
acceptor concerrtration does not exceeds 10^^ cm'^ or so by addition of sole N. 

The reason why simultaneous In and N doping effectively Increases the concentration of ttie p-type cannier is sup- 
posed as follows: When ZnSe is simultaneously doped with In and N at a ratio of 1 :2. In substitutionally occupies a po^- 
45 tion of Zn, and N substitutionally occupies a position of Se, as illustrated in a model shown in Rg. 1 . The n-type dopant 
In makes an atomic 1 :1 couple with the p-type dopant N. and another one N atom coordinates near tiie atomic couple 
and serves as an acceptor. Consequentiy. tiie acceptor maintains its activity up to a higher concentration level so as to 
enable heavy doping with the p-type dopant N at high concentration. 

According to MBE process for growth of a ZnSe crystal, a suttsti'ate 2 is located in a vacuum chamber 1 , and a Zn 
50 source 3 and a Se source 4 are individually faced to tiie substi^te 2, as shown in Rg. 3. Zn and Se vapors are gener- 
ated by heating the Zn source 3 and the Se source 4 with corresponding heaters 5. fed onto tiie substrate 2 and epi- 
taxiaily grown as a ZnSe crystal 6 on the stibstrate 2. 

During growth of tiie ZnSe crystal. N2 gas is in-adiated witii elecb-omagnetic wave generated by a radio frequency 
(RF) coil 7 and dissociated to N^. The resulting ionized gas is fed to the crystal growtii region. At the same time, 
55 vapor In generated by heating an In source 8 witii a heater 5 is also fed to the aystal growth region. The vapor In may 
be also supplied from a vapor source. 

When a flow rate of ionized IsT gas is contirolled in relation witii vapor In so as to. adjust the atomic ratio of ionized 
gas to vapor In at 2:1 , the ZnSe crystal 6 growing on tiie substrate 2 becomes a p-type crystal heavily doped with N. 
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According to MOCVO process, an organic Zn gas g^ , an organic In gas ga. N2 ga and an organic Se gas are 
individually decomposed and dissociated to atomic 2n, In, N*^ and Se with electromagnetic irradiation, and fed to a sub- 
strate 2. In this case, a ftow rate of ionized gas is also controlled In relation with vapor In so as to adjust an atomic 
ratio of ionized gas to vapor In at 2:1. Due to the flow rate control, a ZnSe crystal 6 growing on the substrate 2 

5 becomes a p-type crystal heavily doped with N. 

The source of ionized N*^ and In vapor may be a compound of InN in any above-mentioned method of epitaxial crys- 
tal growth. In this case, inN is decomposed at a high temperature by in^diation with electromagnetic wave arxi supplied 
to a region for epitaxial crystal growth. Additional gas may be fed to the region for epitaxial crystal growth to adjust 
the atomic ratio of ionized gas to In vapor at 2:1 . 

10 N incorporated in the ZnSe crystal substitutionally occupies a position of Se and serves as a p-type acceptor N^s«* 
while In substitutionally occupies a position of Zn and serves as a n-type donor In'zn- When tiie ZnSe crystal is doped 
with N and In at a ratio of 1 :1 , an acceptor charged witii -i-e m^s a couple with a donor charged with -e, so as to sta- 
bilize an electrostatic energy. When another one N is added to the ZnSe crystal stabilized in this way, a position of Se 
is stably substituted by N. Consequently, ZnSe can be heavily doped with N. 

IS An upper column (a) of Rg. 4 shows a density of state of the N-doped ZnSe crystal wherein N atom substituted for 
Se. It is noted that N served as a p-type acceptor. On the other hand, it is noted that In served as a n-type donor from 
the lower column (b) of Fig. 4 showing a density of the In-doped ZnSe crystal wherein In atom substituted for Zn. From 
these data on the density of state, it is understood that an electrostatic energy can be stabilized by simultaneous N and 
In doping. 

20 

EXAMPLE 

A ZnSe single crystal was used as a substrate 2 for growth of a ZnSe crystal thereon and located in a vacuum 
chamber 1 held at 1 .3 x 10'^ Pa. A ZnSe crystal was epitaxially grown at 250-400<'C by supplying vapor Zn at a pressure 
25 off 1 .3 X 10'® Pa., vapor Se at a pressure of 1 .3 x 1 0"^ Pa., ionized N* at a pressure of 1 .3 x 1 o '^ Pa. and vapor in at a 
pressure of 6.5 x 10'^ Pa., respectively. Said ionized was prepared by iradiating N2 gas with electromagnetic wave 
in a microwave ranga 

The obtained ZnSe crystal had an acceptor concentration which varied in response to a crystal growth tempera- 
ture, as shown in Table 1 . The ZnSe crystal was doped witii N at a higher concentration at any crystal growtii temper- 
30 alure. compared with a ZnSe aystal wNch was doped with sole N without feeding vapor In. 



TABLE 1 
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EFFECT OF SIMULTANEOUS N AND In DOPING ON ACCEPTOR CON- 
CENTRATION 




acceptor concentration (cm"^) 


temperature of substrate 

CC) 


simultaneous doping 
with N and In 


doping with sole N 


250 


1 xlO^S 


1 X 10^^ 


300 


2x10^^ 


1 xlO^^ 


350 


2 X 10^0 


3x10^^ 


400 


2x102^ 


1 X 10^8 



The similar simultaneous In and N doping was adopted in MOCVD process. In tiiis case, a ZinSe crystal was also 
heavily doped with a p-type carrier at an acceptor ooncentiration of 10^^-10^^ cm'^. 

so According to the present invention as afbrementioned, ZnSe is simultaneously doped with a n-type dopant X and 
a p-type dopant N. Due to the simultaneous doping, a ZnSe crystal can be heavily doped wHh the p-type carrier at an 
acceptor concentration of 10''^-10^^ cm~^, compared that tiie acceptor concentration of tiie p-type can'ier has been not 
more than 10^^ cm'^ or so in a conventional mettiod. 

The p-type ZnSe crystal obtained in this way exhibits excellent electric properties such as great p-type electronic 

55 conductivity and consequent low resistivity, since substantially all the N atoms incorporated in the aystal serve as 
active acceptors. Consequentiy. the doped ZnSe crystal is used as a material for an intensified blue laser, a blue light 
emitting device or the like in a high-density optical memory device, a full-color display, etc.. 
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Claims 

1 . A method of produdng a ZnSe crystal heavily doped with N serving as a p-type dopant, comprising the steps of: 

5 disposing a ZnSe single crystal as a substrate in a vacuum chamber; 

preparing Zn and Se vapors by heating a Zn source and a Se source by heaters, respectively; 
dissociating N2 gas to ionized gas with electromagnetic irradiation; 

supplying said Zn and Se vapors together with said ionized gas to a region for epitaxial growth on said sub- 
strate; 

10 simultaneously supplying a gaseous complementary element X which crystallographically substitutes for Zn to 

said region lor epitaxial crystal growth; and 

epitaxially growing a ZnSe crystal doped with N and X on said substrate, 

wherein flow rates of said gaseous and X supplied to said region for epitaxial crystal growth are con- 
trolled at an atomic ratio of N'*':X being 2:1 . 

15 

2. A method of producing a ZnSe crystal heavily doped with N serving as a p-type dopant, comprising the steps of: 

disposing a ZnSe single crystal as a sut)8trate in a vacuum chamber; 

preparing Zn and Se vapors by decomposing orgariozindc and organoselenic compounds with electromag- 
20 netic irradiation; 

preparing ionized N* gas by decomposing an N-containing compound with electromagnetic irradiation; 
supplying said Zn and Se vapors together with said ionized tsT gas to a region for epitaxial crystal growvth on 
said substrate; 

simultaneously supplying a gaseous complementary element X which crystallographically substitutes for Zn fo 
25 said region for epitaxial crystal growth; and 

epitaxially growing a ZnSe crystal doped with N and X on said substrate. 

wherein flow rates of said gaseous and X supplied fo said region for epitaxial crystal growth are con- 
trolled at an atomic ratio of N'*':X being 2:1. 

30 3. The method of producing a ZnSe crystal heavily doped with N according to Claim 1 or 2. wherein the complemen- 
tary element X is an element selected from In. Ga, Ai. 

4. The method of producing a ZnSe crystal heavily doped with N according to Claim 1 or 2, wherein the complemen- 
tary element X is In, and prepared by decomposition of InN with electromagnetic irradiation. 
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FIG.1 

ZnS© Crystal simultaneously doped with In. N 
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FIG.4 

Density of State of N and In -doped ZnSe Crystals 



> 

.9 



i 



- 


/ N 2s 




(a) Nse 
p-type 




,1 




(W Inzn 
n -type 



-5.0 
Energy (eV) 



0.0 



5.0 



EP0823498A1 



EuropMii Patent 
Offlc* 



EUROPEAN SEARCH REPORT 



ApptlCBtlon Number 

EP 97 11 3248 



DOCUMENTS CONSIDERED TO BE RELEVANT 



Category 



Gftotion of document with tndicafion, where appropriMe, 
of retevant passages 



Relevant 
to olatm 



CLASSmCA-nOH OF THE 
APPUCADON (tntrU) 



US 4 735 919 A (MITSUYU TSUMEO ET AL) 

* claims 1,3 * 

OHKAWA K ET AL: "Molecular beam epitaxial 
growth of nitrogen-doped ZnSe with ion 
doping technique* 

THIRD INTERNATIONAL CONFERENCE ON I I -VI 
COMPOUNDS. MONTEREY. OA. USA. 12-17 JULY 
1987. 

vol. 86. no. 1-4, ISSN 0022-0248. JOURNAL 
OF CRYSTAL GROWTH, JAN. 1988. NETHERLANDS, 
pages 329-334. XPB02044031 

* page 336, paragraph 2 * 

OHKAWA K ET AL: "DOPING OF NITROGEN 

ACCEPTORS INTO ZNSE USING A RADICAL BEAN 

DURING NBE GROWTH' 

JOURNAL OF CRYSTAL GROWTH, 

vol. 111. no. 1 / 04, 2 May 1991. 

pages 797-861. XP668298452 

* the whole document * 

DE 42 32 504 A (AIXTRON GHBH) 

* claims 1-8 * 



1.2 



1.2 



C30B25/16 
C30B25/2G 
C30B29/48 



1,2 



TCCHHICAL FIELDS 
SEARCHCO (lnU%6) 



C3eB 



TTw piwienl waroh report has been drawn up tor aD daims 



f^aom of Moreh 

MUNICH 



Data or oomptotion cf the sMrch 

20 October 1997 



Examinar 

Kiliaan, S 



GATEOORY OF CITED DOCUMENTS 

X : psrtioulwly raltvent '« akma 

Y *• portiou ta rt y nlwsnt if oontiinttd wdh wiottisr 

dooufiwit of th« sam* o«t*gory 
A : toohnologtcal (Md^round 
O : non-wHtl»n <fiaob«ur« 
P: 



T : thaory or prfnelpio undMiying th» viwntion 
£ : •arti»r patent doeiiment. but publshed on, or 

after ttw fling dale 
D : dooument oited in th« appikulion 
L : doGunwnt oit«d for other reasoni 



& : merrA)er of the aame patent family, ooneapondlhg 



WEST 



